document entitled "Preconceptual and Prenatal Carrier Screening for Cystic Fibrosis" which will be widely distributed. This document also will include guidelines for providers, patient education, and informed consent. Patient education materials will include two pamphlets, entitled "Cystic Fibrosis Carrier Testing. . . The Decision is Yours" and "Cystic Fibrosis Testing: What Happens if Both My Partner and I are Carriers?" It is important to note that these guidelines were prepared for population CF carrier screening and that different testing and counseling strategies would be employed for the identification of the mutation(s) in patients diagnosed with CF or in relatives of CF patients. Such diagnostic and prenatal mutation analyses should be referred to a genetics center for appropriate testing and counseling.
ISSUES TO CONSIDER IN POPULATION CF CARRIER SCREENING
The cloning of the CF gene, CFTR, in 1989 [3] [4] [5] provided the ability to screen individuals and couples with no family history of the disease to identify unsuspecting carriers at risk for producing affected children. Analogous to the successful TaySachs disease model for the prevention of recessive diseases, 6 such screening would identify carrier couples with a one in four risk for affected offspring with each pregnancy and offer them genetic counseling and various reproductive options, including prenatal diagnosis. After much debate and several pilot carrier screening studies, the 1997 NIH Consensus Conference recommended that CFTR mutation testing be made available to all pregnant couples and those contemplating pregnancy. However, implementing the delivery of mass population screening for CF carriers raised many issues and concerns including the following: the large number (Ͼ800) of CFTR mutations; the differing prevalence of individual CFTR mutations among various ethnic, demographic, and racial groups; the extreme ethnic heterogeneity of the U.S. population and its increasing admixture; the wide clinical variability of the disorder; the inconsistency of genotype-phenotype correlations for particular mutations; the fact that not all CFTR mutations cause cystic fibrosis; the changing prognosis of the disease in the face of new and novel therapies; the documented lack of interest by nonpregnant couples in being screened and the consequent limitation of options available to at-risk couples who undergo testing during pregnancy; the absence of guidelines for developing an appropriate mutation test panel; and the huge anticipated burden that widespread screening would place on existing genetic counseling resources.
Although the Committee recognized the complex issues and problems associated with CF carrier screening in the general U.S. population, it also appreciated that these concerns were of similar magnitude to those in other screening programs already in practice, such as maternal serum multiple marker screening for aneuploidy in the fetus. While there will be foreseen and unforeseen difficulties, the issues and recommendations of the ACMG Subcommittee on CF Carrier Screening represent an attempt to ensure that population-based carrier screening for CFTR mutations will be effective and appropriate.
Target population for carrier screening
There has been much discussion and debate over which ethnic and racial groups should be offered CF carrier testing in a population-based screening program. Some maintain that screening should be limited to those populations, such as nonJewish Caucasians of European Ancestry and Ashkenazi Jews, in which both the carrier frequency (1 in 25 to 30) and the detectability of the majority of prevalent mutations (25 mutations detect Ͼ80% of CF alleles) are sufficiently high to justify efficient and cost-effective screening. Others feel that the marked and growing ethnic admixture in the United States makes it difficult to readily classify or exclude patients based on ethnic group, and that even attempting to make such determinations in a busy clinical setting would place an undue burden on the primary care physician and impair the overall effectiveness and cost of the screening program. While some of the most successful genetic screening programs, such as that for Tay-Sachs disease, have narrowly targeted particular ethnic groups, there is precedent in the newborn screening field for universal screening, despite wide differences in disease incidence among ethnic and racial groups (e.g., newborn screening for sickle cell disease).
Recommendations
1. The Committee recommends that CF carrier screening be offered to non-Jewish Caucasians and Ashkenazi Jews, and made available to other ethnic and racial groups who will be informed of their detectability through educational brochures, the informed consent process, and/or other efficient methods. For example, Asian-Americans and Native-Americans without significant Caucasian admixture should be informed of the rarity of the disease and the very low yield of the test in their respective populations. Testing should be made available to African-Americans, recognizing that only about 50% of at-risk couples will be detected. An educational brochure and a consent form which recites this information as well as a sign-off for those choosing not to be tested after reading these materials is being prepared by the Working Group on Patient Education and Informed Consent.
2. We recommend that preconception testing be encouraged whenever possible, although we recognize that for practical purposes, testing will often occur in the prenatal setting.
Population screening model: Couple versus sequential
Couple-based screening involves collection and testing of specimens from both partners, with each informed of the results after both have been tested. In the sequential screening model, one member of the couple (usually the woman) is tested first, and if a positive result is obtained, then the partner is tested, with full disclosure of the test results to both individuals. An alternative couple-based model has been proposed 7 in which specimens are collected from both individuals, but only one partner is initially tested. If that test is positive, then the other partner is tested. Positive/negative couples are reported as if they were negative/negative or negative/not-tested couples in the other two methods.
Recommendation
Testing should be done using either a couple-based or sequential model, depending on the target population, the nature of the clinical setting, and the appropriate judgment of the practitioner. Couple-based testing is recommended for Caucasian couples of Northern European and Ashkenazi Jewish descent, particularly when concurrently testing for other common genetic disorders in the latter population. The sequential model may be more useful for groups in which the carrier frequency is lower and in situations where obtaining a simultaneous sample from the partner is impractical. In general, the individual provider or center should choose whichever method they feel most appropriate or practical.
While the Committee appreciates some of the psychosocial and cost-saving advantages of the couple-testing model of Wald, 7 we do not endorse this approach because of ethical questions surrounding nondisclosure of test results and because it deprives the positive member of the positive-negative couple the opportunity of informing his or her relatives of their risk so that they too can be tested, the so-called "cascade effect," an ancillary benefit of primary population screening. 8 
Selection of the mutation panel
To date, over 900 mutations in the CFTR gene have been identified (http://www.genet.sickkids.on.ca/cftr). The frequency of these mutations has been determined in North American CF patients and in European CF patients, as well as in patients from various ethnic and demographic groups. 9 -14 Other studies have reported the frequency of CFTR mutations from carrier screening in pan-ethnic North American populations, [15] [16] [17] as well as in specific ethnic, demographic, or racial groups. 9,18 -20 Thus, a standard panel of mutations is required that provides the greatest pan-ethnic detectability and can be practically performed.
Recommendations
The Committee recommends use of a pan-ethnic mutation panel that includes all CF-causing mutations with an allele frequency of Ն 0.1% in the general U.S. population. Allele frequencies should be derived from published sources where phenotype has been confirmed and data have been derived from each region of the United States. Publications and Internet databases from collaborative groups such as the CF Genetic Analysis Consortium and independent registries such as that maintained by the U.S. Cystic Fibrosis Foundation serve as excellent sources of information. The Committee recommends that all mutations of this frequency should be included, regardless of whether they have been associated with mild or severe disease. The panel should include mutation subsets shown to be sufficiently predominant in certain ethnic groups, such as Ashkenazi Jews and African Americans, that also have a frequency of Ն 0.1% in the general population.
Based on these criteria, the Committee has compiled a standard screening panel of 25 mutations (Table 1) , which represents the standard panel that we recommend for screening in the U.S. population. Since our understanding of the distribution and frequency of mutations in CFTR is continually advancing, it is anticipated that the composition of the recommended panel will be reviewed at least annually and revised appropriately. To this end, on-going review of CF allele frequencies in the U.S. population, especially among populations where test sensitivity is low (e.g., Hispanics) is recommended.
Extended mutation panel
The question has been raised whether an extended or second-tier mutation test panel should be offered to couples testing positive/negative with the standard panel.
Recommendations
After careful consideration, the Committee recommends that an extended panel should not be offered routinely to such couples, since it would have the effect of increasing patients' anxiety, would appear to endorse an alternative mutation panel beyond the standard panel defined here as the "standard of care" and would provide very low additional yield, leaving such couples who test positive/negative with essentially the same level of uncertainty as they had before. Moreover, it is likely for the foreseeable future that such extended panels may only be available at one or a very few laboratories. It was agreed, however, that the existence of such a panel be made known to couples who request further information and be used on a case-by-case basis as indicated by the clinical situation. Laboratories offering such panels should clearly state in both their advertising and reporting materials the limited increase in carrier detectability which they provide, basing the additional percentage figures on data from the CF Consortium and CF Foundation Patient Registry Annual Data Reports and/or the proposed CDC CF Database rather than their own data.
Testing for congenital bilateral absence of the vas deferens (CBAVD)
The CFTR mutation R117H, along with the 7T variant of the 5T/7T/9T polymorphism in intron 8 on the same allele (in cis), has been found in a large proportion of otherwise healthy men with infertility due to CBAVD. [21] [22] [23] [24] Also, the 5T variant paired (in trans) with a CF mutation has been found in men with CBAVD. 25 Testing for the R117H mutation and the intron 8 variant in a large population screening program will inevitably produce complicated counseling problems, because it will expand the risk ascertainment beyond that for classical CF. While this might be avoided by simply choosing not to screen for the intron 8 variant, that choice would be problematic in itself, since the relatively common R117H mutation can also cause classical CF when in cis with 5T. 23 
Recommendations
The Committee recommends that the R117H mutation be included in the test panel, while recognizing that this will screen for male infertility as well as CF. Thus, to distinguish the genotypes of R117H associated with CF from that associated with CBAVD, reflex testing for the 5T/7T/9T variant is recommended only when the R117H mutation is positive. If positive for 5T, the laboratory will request appropriate specimens from family members to determine if the 5T polymorphism is in cis or trans with the R117H allele in order to provide additional information for genetic counseling. In this way, the initial screening will focus on CF and not create unnecessary anxiety concerning the fertility of the fetus, since about 5% of the U.S. population would be found to have the 5T polymorphism if it is included in the primary test panel.
Information about the mutations associated with CBAVD should be included in reports and consent forms. Model laboratory report interpretations are included in the Appendix. Because of the subtle and complicated genetic issues raised, the Committee recommends that the detection of one of these unusual mutation combinations should be followed by referral of the screenee to a geneticist or other expert professional for further counseling and appropriate testing.
Unexpected homozygosity for ⌬F507 or ⌬F508 in healthy individuals due to codon 506, 507, and 508 variants Certain test methodologies may not distinguish certain CFTR variants, including I506V, I507V, and F508C, and instead produce a false-positive result for ⌬I507 or ⌬F508. I507V and I508V have not been associated with CF; however, F508C has been reported to be associated with CBAVD. Although the frequency of these variant alleles is rare, occasionally an otherwise healthy CF carrier, who also has the rare variant, may be erroneously diagnosed as an affected homozygote. In addition, false results may occur because of polymorphisms at polymerase chain reaction primer hybridization sites 26 or other anomalies.
The Committee recommends that laboratories recognize that non-CF-causing variants at codons 506, 507, and 508 can cause a false-positive result when certain test methodologies are employed. If the screenee is a carrier for ⌬I507 or ⌬F508 and also has the I506V, I507V, or F508C variant on the other chromosome, this situation may lead to a false-positive test for homozygosity for the ⌬I507 or ⌬F508 mutation. Therefore, each laboratory must validate its testing method for such potential false positives, and should perform reflex testing as appropriate for these variants in healthy individuals who test as ⌬I507 or ⌬F508 homozygotes. The I506V and I507V mutations do not produce a phenotype, while F508C has been associated with CBAVD. 24 Thus, a male who carries ⌬F508 or ⌬I507 paired with F508C should be counseled regarding the association of this genotype with male infertility. Laboratories should be aware of similar situations for other CF mutations in the screening panel.
Test reporting and interpretation
Since a patient with a negative result still has a residual risk for CF heterozygosity depending on her/his ethnic or racial background, the provider will be responsible for informing the screenee and couple of their residual risk. Such calculations are estimates based on the patient's and partner's ethnic and racial background. This information can be provided for each screenee in the test report. In addition, certain mutations are associated with infertility and may require additional testing for appropriate interpretation and genetic counseling.
Recommendations
Reports should include all information described in the ACMG Standards and Guidelines for Clinical Genetics Laboratories (http://gopher.faseb.org/genetics/acmg/index.html). CF reports should include the reported ethnicity of the patient and the indication for testing (i.e., carrier test, no family history, etc.) as well as the mutations tested and method of testing. Examples of interpretive reports for various testing results are given in the Appendix.
As is well known, both patients and many primary care professionals are not comfortable dealing with relative risks and nonabsolute laboratory test results. It is essential that test reports for negative screens define as accurately as possible, based on current knowledge,theresidualriskthatthepersontestedcouldbeacarrierof an untested or unknown mutation. This risk will vary greatly by ethnic group and should be so specified in the test report.
The best current estimates of residual risks for the major ethnic groups after testing negative with the standard mutation panel, listed in the Appendix, will be updated with experience. For those centers doing sequential testing, a positive test report on the first partner should include the recommendation that the other partner be tested.
Quality assurance
CFTR mutation analysis is a high-complexity laboratory procedure requiring sophisticated molecular biology and human genetics expertise. The advent of population carrier screening for CFTR mutations portends adding an extremely large test volume toaprocedureofsuchhighcomplexityandsophistication,asituation unprecedented in the field of laboratory medicine. For these reasons, it is crucial that such testing be performed by laboratories possessing the requisite expertise, experience, and physical resources.
Recommendations
Any laboratory embarking on CF population carrier screening must be able to comply with the stringent quality assurance guidelines specified in the ACMG and CAP checklists and the report of the NIH-DOE Task Force on Genetic Testing (www.nhgri.nih.gov/Policy_and_public_affairs/Communications/ Meeting_reports/task-force.html) and must participate in the CAP/ ACMG quality assurance and proficiency testing programs. Equal attention must be paid to pre-and postanalytic aspects of testing (e.g., appropriateness of test ordering, interpretation, reporting, and counseling) as to the laboratory test panel itself.
The Committee recognizes that, in the absence of available commercial test kits, testing for the mutation panel recommended here may be difficult for some laboratories accustomed to smaller panels. It is hoped that our recommendations will lead to some consolidation of testing in the most capable centers as well as some impetus for manufacturers to develop kits and reagents with the standard panel in mind in order to enhance use by additional competent laboratories.
tive/negative couples who may request additional mutation analyses or counseling to clarify their residual risk, (2) individuals who have a family history of CF, (3) otherwise healthy males who carry mutations or variants associated with infertility, and (4) positive/ positive couples. It is important that individuals and couples receive accurate information about risks, prognostic factors, and range of options available to allow for fully informed decisionmaking. Such services should be available by referral from obstetricians and other primary care physicians who may not feel competent to perform such counseling themselves.
Recommendation
The Committee recommends that a concise summary of the knowledge and expertise needed relative to CF, human genetics, and the interpretation of CF test results should be provided by the professional who will counsel these patients. Any primary care provider who does not feel comfortable explaining these concepts to the patients should refer them to a genetics professional. We expect that most of the essential material can be adapted from that produced by the Patient Education and Informed Consent Committee. 
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Example of a positive CF report
Result: ⌬F508 heterozygote.
Interpretation: One copy of the ⌬F508 mutation was identified, indicating that this individual is a carrier for cystic fibrosis (CF). This interpretation is based on the assumption that this individual is not clinically affected with CF. It is recommended that carrier testing by mutation analysis be offered to relatives and reproductive partners of known CF carriers along with appropriate genetic counseling.
Special considerations
R117H positive, 5T positive, cis/trans undetermined report Result: R117H heterozygote, 5T positive.
Interpretation: This individual has one copy of the R117H mutation and one copy of the 5T variant. The R117H mutation has been reported to produce different clinical phenotypes, depending on the chromosomal background that affects splice sites and splicing efficiency (Kiesewetter et al., Nature Genetics 5:274, 1993). The phenotypic expression of the R117H mutation is influenced by the presence of the 5T variant. The R117H mutation produces a partially functional CFTR protein product. The amount produced in the presence of R117H is further reduced when the R117H mutation is on the same allele as the 5T variant. The laboratory is presently unable to determine whether the 5T variant in this patient is on the same or opposite chromosome as the R117H mutation. Thus, we recommend that parents of this individual submit blood samples for mutation analysis to resolve this issue. If parents are unavailable, other close family members may be helpful. Genetic counseling is also recommended.
R117H positive, 5T positive, cis report addendum
Result: R117H heterozygote, 5T positive.
Interpretation: See R117H, 5T positive, cis/trans undetermined report.
Addendum: Follow-up testing of the parents of this individual demonstrated that the R117H mutation and 5T are located on the same chromosome such that they are in "cis" position. These results indicate that this individual is a carrier of a CF mutation that has been associated with a variable phenotype when this or another CFTR mutation is present in CF patients. Genetic counseling is recommended.
R117H positive, 5T positive, trans report addendum
Addendum: Follow-up testing of the parents of this individual demonstrated that R117H and 5T are located on different chromosomes such that they are in "trans" position. These results indicate that this individual is a carrier of a relatively benign or extremely mild CF mutation that is not generally associated with the phenotype of typical CF patients. The presence of R117H in "trans" with the 5T variant has been associated with congenital bilateral absence of the vas deferens (CBAVD), leading to infertility in males and no known clinical features in females.
This individual is also a carrier of the 5T variant. The 5T variant can reduce the amount of functional protein produced from normal or mild mutant CF genes by altering splicing. The 5T variant on one chromosome, in combination with a CF mutation on the opposite chromosome, may lead to male infertility due to CBAVD, with or without mild or atypical symptoms of cystic fibrosis. There is no known clinical signifiance of 5T in females. Approximately 63% of males with CBAVD who are heterozygous for a CF mutation also have the 5T variant, while approximately 5% of the general population who are asymptomatic for CF or CBAVD are heterozygous for the 5T allele. The penetrance of 5T is reduced and is estimated at about 60%. Therefore, it is difficult to predict the clinical significance of the 5T variant. Genetic counseling is recommended.
R117H positive, 5T negative report
Result: R117H heterozygote, 5T negative.
Interpretation: This individual has one copy of the R117H mutation. The R117H mutation has been reported to produce different clinical phenotypes depending on the chromosomal background that affects splice sites and splicing efficiency (Kiesewetter et al., Nature Genetics 5:274, 1993). The phenotypic expression of the R117H mutation is influenced by the presence of the 5T variant. Thus, additional testing was performed, and the results indicated that this individual is negative for the 5T variant. In the absence of the 5T variant, the R117H mutation is not expected to lead to a typical CF clinical phenotype. The presence of R117H, however, has been associated with CBAVD, leading to infertility in males with no known clinical features in females. Population screening has shown a 19-fold higher than predicted number of carriers of the R117H mutation. Genetic counseling is recommended. 
